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The imaging telescope on board the Transition Region and Coronal Explorer 
(TRACE) spacecraft observed the decaying transversal oscillations of a long 
[(I30 + 6) X lo6 meters], thin [diameter (2.0 + 0.36) X lo6 meters], bright 
coronal loop in the 171 angstrom FeIX emission line. The oscillations were 
excited by a solar flare in the adjacent active region. The decay time of the 
oscillations is 14.5 + 2.7 minutes for an oscillation with a frequency 3.90 + 
0.13 millihertz. The coronal dissipation coefficient is estimated to be eight to 
nine orders of magnitude larger than the theoretically predicted classical value. 
The larger dissipation coefficient may solve existing difficulties with wave 
heating and reconnection theories. 

One of the main scientific objectives of the 
TRACE spacecraft (I) is to investigate the 
mechanisms of the heating of the outer solar 
atmosphere. The understanding of the mech- 
anism of coronal heating is important not 
only in the context of solar atmospheric phys- 
ics but also in relation to the sun-Earth con- 
nection, in examining the influence of the 
expanding hot solar corona on the interplan- 
etary and near-Earth space environments. 
The expanding solar atmosphere forms the 
solar wind that during peaks of solar activity 
can cause magnetic storms by perturbing 
Earth's magnetosphere, damaging satellites, 
affecting communications, and even inducing 
power outages in ground-based electrical 
grids. 

Flares may generate fast wave pulsations 
in coronal loops (2, 3). Oscillations in coronal 
loops were recently observed by TRACE, 
and Aschwanden et al. (4) have reported 
spatial oscillations of coronal loops. The spa- 
tial oscillations were detected by TRACE in 
five loops with periods ranging from 258 
to 320 s and were interpreted as kink 
mode magnetohydrodynamic (MHD) stand- 
ing waves. The oscillating loops show evi- 
dence of strong damping (that is, the ampli- 
tude of the oscillations decreases by more 
than 50% in several oscillation periods). 
However, the damping was not analyzed in 
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(4). Here we present the observations and 
analysis of damped magnetic loop oscilla- 
tions induced by a flare in the solar corona. 

The dissipation coefficient and the spatial 
scale at which the dissipation occurs help 
determine the coronal heating mechanism. 
Heating of coronal loops may occur by 
trapped Alfvh waves (9, or by reconnection 
of entangled magnetic field (6). The theoret- 
ical classical value of the dissipation coeffi- 
cient is determined by viscosity (7) and re- 
sistivity (8) with the appropriate dissipation 
scale in a laminar coronal plasma. The clas- 
sical dissipation coefficient is too low to ac- 
count for the required heating rate necessary 
to explain observed coronal temperatures of 
- lo6 K with wave heating (9-11) or recon- 
nection (9) models. 

We consider the evolution of the loop 

position in images taken by TRACE (Fig. 1) 
with almost constant cadence of -75 s and an 
exposure time of about 16.4 s. The analyzed 
sequence of 88 images of active region 
AR8270 began at 12 : 11 UT, on 14 July 1998 
(12). The data were initially preprocessed: the 
dark current and the artificial offset were 
subtracted from each image, and the images 
were normalized for variations in the expo- 
sure time. A movie created from these images 
shows the onset of loop oscillations after the 
flare, which occurred at about 12 : 55 UT. The 
oscillations were observed to damp within a 
few oscillation periods. In the movie it is 
apparent that there is a large set of loops that 
undergo damped oscillations after the flare. 
These loops are closely spaced (the maximal 
separation is several million meters) and orig- 
inate in the vicinity of the flare site. For 
simplicity, we have chosen to analyze an 
isolated loop (outlined in Fig. 1) at about 
80 X lo6 m from the flare site. 

For the analysis, we took four horizontal 
cuts nearly perpendicular to the loop axis 
close to the loop apex. To improve the signal- 
to-noise ratio, we averaged the intensity in 
the four adjacent cuts. We found good corre- 
lation of loop motions between the cuts. In- 
phase motion of the loop is evident in the 
movie sequence of the post flare loop oscil- 
lations (12). Such in-phase displacement of 
the loop suggests that the oscillations corre- 
spond to the global mode. The global mode 
occurs when the loop acts as a resonant cavity 
for transverse MHD waves, and all parts of 
the loop oscillate in phase. The MHD waves 
are trapped in the loop and no significant 
wave leakage can occur (10, 13-16). The 
trapped waves may dissipate by viscous dis- 
sipation of velocity gradients (10, 11, 17) or 
by resistive dissipation of currents generated 
by magnetic field gradients (13-16) in the 
loop. The above two mechanisms are expect- 
ed to lead to dissipation of the low-frequency 

- Fig. 1. The coronal 
loop system observed 
with TRACE. The flare 
site is marked and 
the analyzed oscillat- 
ing loop is outlined. 
The box marks the lo- 
cation of the four cuts. 
The pointing of the 
image center is (-284 
arc sec, -363 arc sec) 
from the sun center. 
The image size is 768 
by 768 pixels, with a 
pixel size of 0.5 arc sec 
(360 km). 
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wave in the collision-dominated plasrna of 
the active region loop. 

The temporal dependence of the loop dis- 
placement is displayed by plotting the hori- 
zontal coordinate (in kilometers) of the inax- 
imunl intensity across the loop as a function 
of tirne. The temporal evolution of the loop 
displacenlent calculated as an average coor- 
dinate of the loop position for four neighbor- 
ing perpendicular cuts (Fig. 2) is fitted by 

where the displacement amplitude A, = 

2030 f 580 knl, oscillation frequency o = 

1.47 i 0.05 sad millP', the phase + = - 1.0 f 
0.34 rad, and the decay rate X = 0.083 i 0.046 
mill-'. These parameters yield a frequency of 
3.90 t 0.13 nlHz and a decay time 12.1 f 6.7 
lnin for the loop oscillations. A less consewa- 
tive enor bar for the decay time nlay be ob- 
tained by dividing the time sequence into 10 
shoi-ter overlapping sections and calculating the 
decay rate of the sections. With this method we 
obtain X = 0.069 i 0.013 minP1, where the 
range is obtained ftoin the inaxiinal and the 
minimal decay rates of the sections. The cone- 
sponding decay time is 14.5 i 2.7 inin. From 
the time-derivative of Eq. (I), the estimated 
peak loop velocity is 47 5 14 In1 s-'. Lf:e 
estimated the footpoint leakage (IS) in this loop 
and found that the leakage time is nearly two 
orders of inag ih~de  longer than the rneasured 
decay time of the loop oscillations. 

The in-phase displacement of the loop 
near its apex is caused by a global kink mode 
of the loop (Fig. 3). This is a noilnal mode of 
the loop in which all parts of the loop oscil- 
late transversely and in phase. The wave- 
lrngth of the mode is double the length of the 
loop, and nodes of the mode coincide with the 
loop footpoints. From the rneasured distance 
between the footpoints [(83 t 4) X lo6 m]; 
we calculated the loop length (as a semicir- 
cular arc) L = (130 T 6) X lo6 in. Neglect- 

ing the effects of gravity and loop cunatuse 
(which are not expected to significantly affect 
our results) and approximating the loop as a 
unifolnl flux tube embedded in a unifornl 
rnagnetic field, we can describe the inode by 
the relation (2, 19) 

where C, is the Alfven speed inside the loop, 
C,, is the speed of propagation of the kink 
mode, and p, and pn are the plasrna densities 
inside and outside the loop, respectively. For 
the period and length observed, we obtain C,, 
= 1040 i 50 lun s-'. Assuining an order of 
magnitude density enhancement for a typical 
coronal loop, that is, p,,;p, - 0.1, we obtain 
C, = 770 f 40 km s-'. I11 our analysis we 
assumed that the loop's half-width is much 
less than L. and this is justified by the obser- 
vations. Using the deduced Alfven speed and 
the observed loop half-width. we estimate an 
Alfven crossing time T,, = 1.3 s. 

The observed dissipation of the resonant 
global inode inay be due to viscous and re- 
sistive dissipation that have a siinilar effect 
on the wave dissipation (10, 17).  The depen- 
dence of the wave ainplitude decay rate on 
the resistive dissipation coefficient is well 
known (13. 14, 20). The effect of viscous 
dissipation on the resonant absoil~tion of the 
global inode has been investigated in detail 
by Ofinan, Davila, and Steinolfson (1 7) who 
solved the linearized time-dependent visco- 
resistive MHD equations, with the loop ap- 
proximated by a slab of nlagnetized plasma. 

Viscous dissipation in a fluid is expressed 
in telms of the dimensionless Reynolds num- 
ber R. Similarly, the magnetic diffi~sion co- 
efficient gives rise to the dimensionless mag- 
netic Reynolds number (or the Lundquist 
number) S. Using the decay rate deduced 
from the observed loop 7, X P '  = 14.5 t 
2.7 mill = (600 I 1 1 0 ) ~ ~  and assuming that 
the dissipation is dominated by viscosity, we 
apply the scaling law 7, = c,Rn 22. where the 
constant cb = 3 2 . 6 ~ ~  and the power index 
0.22 were calculated nu~nerically for the f in-  
dainental inode (15 = 2L) using the model 
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Fig. 2. The temporal evolution of the loop 
d is~lacement  calculated as an average coordi- 

described in (1 7). In this calculation, the loop 
is peiturbed by a pulse pei-pendicular to the 
nlagnetic field at tirne t = 0. The induced 
wave inotions were dominated by the reso- 
nant global mode oscillations for the paltic- 
ular loop geometi-y that dissipated at a rate 
deteilnined by the viscosity. 

Using the calculated decay rate depen- 
dence on R (Fig. 4) and the observed decay 
rate we estimated R = lo5 3-6 '. The Reyn- 
olds number deduced from the obsen~ations 
is eight to nine orders of magnitude srnaller 
than the classical value of R = lo'". Similar- 
ly, assuining that the dissipation is dolninated 
by the plasina resistivity. we applied the scal- 
ing law T, = c,Sn 22, where the consta~lt c, = 

38.57, and the power law index 0.22 were 
calculated nulnerically (20). Using the resis- 
tive power law, we estimate a Luildquist nuin- 
ber S = 105 0-5 8 . S is seven to eight orders of 
magnitude srnaller than the cornmonly quoted 
(21) classical value of S = 10". 

The wakes are dissipated so efficiently 
inside the loop because of the global mode 
resonance and the foilnatlon of a narrow 
dissipation layer inside the loop. The width of 
the resonance dissipation layer scales as 
R-' '' (11, 17) [S-'" for resistive dissipation 
(22)l. and it is -15 km in the observed loop, 
significantly below the resolution of TRACE 
(-360 linl at center to -400 knl near the 
limb of the sun). The velocity gradients in the 
resonance dissipation layer scale as R' ' (1 7). 
Thus, the velocity gradients in the resonance 
layer are more than three orders of rnag~litude 
larger than the velocity gradients between the 
loop and the outside medium (assuming the 
velocity gradient between the loop and the 
outside inedium is independent of R). Be- 
cause the shear viscous dissipation is propor- 
tional to the square of the velocity gradient, 
most of the dissipation will occur inside the 
loop (1 7). 

nat'e o f  the loop position for f o ~ ~ r  neighboring Fig. 3. A sketch of a coronal loop that  under- Fig. 4. The dependence o f  the dissipation t ime 
perpendicular cuts through the loop apex (dia- goes global mode oscillations. The dominant (in Alfven times) on  the dimensionless Reyn- 
monds), w i th  error bars ( ~ 0 . 5  pixel) start ing at magnetic field component is along the loop olds number R and the Lundquist number 5 for 
13:13:51 U T o n  1 4  July 1998.The solid curve is axis. The oscillations are transverse t o  the di- the fundamental global mode in the model o f  
the best f i t  function (7). The effect of the image rection o f  the magnetic field. The loop's foot- the observed loop. The oscillation decay t ime 
mot ion through the field o f  view was subtract- points are anchored in the dense photosphere- and the corresponding R and 5 are marked by 
ed in  this analysis. chromosphere. the dashed lines and arrows. 
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The index of the calculated viscous and 
resistive power laws is close to the 115 found 
by Poedts and Kerner (13) for resistive dissi- 
pation in a cylindrical loop. We found that the 
power law index increases ~vhen R or S > 10" 
(Fig. 4), in agreeinent with (20). which means 
that with the classical values of S and R the 
estinlated dissipation tiine would be at least 
three orders of inagnitude longer than the 
observed dissipation tiine. 

The decay of the loop oscillation ampli- 
tude indicates the presence of strong dissipa- 
tion of the wave energy. Dissipation leads to 
the heating of coronal loops. We found that as 
the oscillations are dissipated, the loop dims 
in the cooler 171 A line (1.3 X lo6 K ion- 
ization temperah~lre), and appears to brighten 
in the hotter 195 A line (1.6 X lo6 K ioniza- 
tion temperah~lre). This process is consistent 
with our understanding of the dissipation pro- 
cess and needs further detailed study. 

If nlainly the viscosity is enhanced com- 
pared with the classical value, then our results 
favor coronal heating by viscous dissipation 
of waves. Numerical sin~ulations indicate that 
the classical viscosity may be enhanced by 
small-scale hlrbulence driven by fluid insta- 
bilities of the coronal plasma (23-25), in 
agreement with theoretical predictions (9, 
11). Similarly, the enhancement of resistive 
dissipation requires the forination of turbu- 
lent cui-rent eddies at small spatial scales (9) 
(which in our view is less favorable for coro- 
nal loop conditions, because of the small 
growth rate of current instabilities compared 
with fluid instabilities). If the resistivity is 
enhanced (or the resistivity and the viscosity 
are enhanced), then our results support the 
dissipation of waves and the magnetic recon- 
ilection inecllanisms for coronal heating. The 
difficulties that arise in these models, when 
the classical value of the dissipation coeffi- 
cient is used, are eliminated. The fi~ndamen- 
tal plasilla parameters in the solar corona are 
relevant to the understanding of the solar 
flares. to the acceleration of the solar wind 
and coronal mass ejection, and, ultinlately, to 
the sun-Eai-th connection. 
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Minimum Field Strength in 
Precessional Magnetization 

Reversal 
C. H. Back,"" R. Al lenspa~h,~ W. Weber," S. S. P. Parkir~,~ 

D. Weller,3 E. 1. G a r ~ i n , ~  H. C. Siegmann' 

Ultrafast magnetic field pulses as short as 2 picoseconds are able to  reverse the 
magnetization in thin, in-plane, magnetized cobalt films. The field pulses are 
applied in the plane of the film, and their direction encompasses all angles with 
the magnetization. At a right angle to the magnetization, maximum torque is 
exerted on the spins. In this geometry, a precessional magnetization reversal 
can be triggered by fields as small as 184 kiloamperes per meter. Applications 
in future ultrafast magnetic recording schemes can be foreseen. 

Based on experimental advances, magnetiza- 
tion reversal has undergone considerable de- 
velopment in recent years. For instance, it is 
now possible to observe the direction of the 
magnetization in nanosized single-domain 
particles (1-3). In such experiments, static 
magnetic fields are applied. The probability 
that the magnetizatioil M will reverse is de- 
termined as a function of the- angle at which 
the external magnetic field Ho is applied to 
the particle. The reversal mechanism ispiffi- 
cult to understand in detail. because M can 
assume complex curling and buckling modes 
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depending on the details of the shape and 
inagnetic properties of the particle. A concep- 
h~ally simpler reversal mode is reversal by 
precession of the magnetization: No curliilg 
and buckling modes occur (4, 5) .  Precession- 
al and conventional i~eversal differ in the 
angle between M and Hex and in the duration 
of the applied field pulse. In conr~entional 
magnetic recording, for example, the revers- 
ing field-is applied antiparallel to the direc- 
tion of 214, lii~liting the reversal speed to the 
nailosecond level (6, 7). Much shoi-ter rever- 
sal times can be achieved if the external mag- 
netic field ind~ying the reversal is applied per- 
pendicular to M (4). In this case, the magnetic 
field pulse induces a precessional motion of the 
illagiletization vector that leads to magnetiza- 
tion reversal. Precessional reversal in the pico- 
second regime was demonstrated for thin films 
magnetized peipendicular to the filin plane. 
However, the magnetic field had to exceed 
-2000 lA!nl at a pulse length of a few pico- 
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